Summary This paper reports on variation in leaf area index (L) in five Eucalyptus globulus Labill. plantations in response to application of nitrogen, thinning at age 2 years and variation in climate wetness index (the ratio of rainfall to potential evaporation). Observed L is compared with: (i) L predicted to optimize net primary productivity for a given average annual temperature, annual water use and potential evaporation (L opt ) and (ii) L calculated as a linear function of climate wetness index (L eq ). L peaked in fertilized plots at between 4 and 5 years of age or immediately after canopy closure. The value of L from canopy closure to age 8 years was not strongly related to annual rainfall or climate wetness index. At two sites with total soil nitrogen <1.2 mg g −1 , L in fertilized plots was about two units greater than in unfertilized plots. This difference persisted until measurements ended in 2004 when the trees were 8 years old. The L of plots thinned to 300 and 600 stems ha −1 at age 2 years recovered quickly and was not significantly different from L in unthinned plots when the trees were 8 years old. L opt was a good predictor of the leaf area index of 8-year-old plots of E. globulus when nitrogen and phosphorus were non-limiting (model efficiency (EF) was 0.5). For the same plots, L eq underestimated observed L by an average of two units, and the model efficiency was low (−3.25). Data from two nitrogen-limited sites demonstrated that for fertilized plots L opt (EF = 0.6) was a much better predictor of L than L eq (EF = −3.36). At the same sites, L eq (EF = 0.42) was a better model for predicting L of unfertilized plots than L opt (−3.59). These results provide evidence that comparing observed L with L opt can identify stands limited by factors other than growing climate.
Introduction
Since 1992, more than 500,000 ha of eucalypt plantations have been established across southern Australia (Bureau of Rural Sciences 2006) . This change in regional land use has been accompanied by reduced average annual rainfall. For example, in south-western Australia, rainfall since 1960 has been 20% lower than the 1900-1960 average (Li et al. 2005 ). This coincidence of profound land use and climate change heightens the need to quantify the trade-offs between wood production and other forest values including stream flow and to develop protocols for adaptive plantation management. This will require a measure of plantation performance that integrates the influence of nutrients, available water, climate and other events including pest and disease outbreaks.
The upper limit to plantation productivity is determined by the availability of water and nutrients and the efficiency with which these resources are converted to biomass and harvestable products. Leaf area index (L) is the main determinant of light interception (Landsberg and Hingston 1996) and radiation absorption and will therefore be a controlling influence on plantation productivity. L will also determine water use and water use efficiency expressed at the stand scale.
The central role of L in determining both plantation productivity and water use has generated substantial research to develop measurement techniques and opportunities for management. Techniques now exist for the direct, indirect and remote measurement of L (Chen et al. 1991 , Fassnacht et al. 1994 , Chen et al. 1997 , Macfarlane et al. 2004 , Soudani et al. 2006 , Macfarlane et al. 2007 . Furthermore, there is good empirical knowledge of canopy development and the response of L to management interventions including the application of nitrogen and phosphorus (e.g., Waring et al. 1978 , Cromer and Williams 1982 , Gholz 1982 , Fassnacht and Gower 1997 , Smethurst et al. 2003 . Substantial variation in L has also been reported as a function of available water (e.g., Specht 1972 , Grier and Running 1977 , Fassnacht and Gower 1997 , White et al. 1998 ) and temperature (e.g., Gholz 1982) . However, a simple approach is needed to interpret L in the context of site conditions to identify plantations where management intervention will yield a change in plantation production or water use that justifies the cost of intervention. Two theoretical models have been developed that predict the leaf area index of planted forests at equilibrium as a function of easily measured and readily available climatic variables.
The first of these models relies on the observation that L at equilibrium is theoretically determined by factors that influence either light use efficiency or respiration (Ryan et al. 1994 , Dewar 1996a , 1996b . Dewar and McMurtrie (1996) demonstrated that, given a detailed quantitative knowledge of physiology and variables that affect a range of canopy characteristics, it is possible to model a value of L that will maximize net primary productivity (L opt ). Battaglia et al. (1998) suggested that such an approach might identify plantations that are limited by something other than growing climate and developed a simpler model to predict L opt on an annual time step. Such an analysis ignores the fact that in Figure 1 . Map showing the location of all field sites in south-western Australia in relation to long-term average annual rainfall and potential evaporation. some cases foliage may have an additional role in nitrogen storage (Warren et al. 2003) or disequilibria caused by transitory events such as drought (Pook 1985 , White et al. 1998 and pests.
The second approach is based on the broad relationship between canopy cover and climate wetness index observed by Specht (1972) and Specht and Specht (1989) . Ellis et al. (1999) found that a simple linear relationship with climate wetness index explained more than 90% of the variation in L of native forest (data mostly from Specht 1972) and selected farm woodlots and tree belts from across southern Australia. This model (L eq ) has since been adapted to estimate the hydrologic impact or effective no-recharge zone of trees (Ellis et al. 2005) . Leaf area indices for commercial eucalypt plantations commonly exceed the values predicted by the equilibrium model (Battaglia et al. 1998, Whitehead and Beadle 2004) , which indicates the need to examine several assumptions associated with this model. In particular, the use of indices based on water alone assumes that it is water alone that constrains leaf area and that, although nutrition may vary from site to site, the vegetation itself will adjust nutrient use efficiency and retranslocation to ensure that it is non-limiting to production. This paper reports on variation in L of Eucalyptus globulus Labill. plantations in relation to application of nitrogen, noncommercial thinning and available water. The observed variation in L is compared with optimum L (L opt , Battaglia et al. 1998 ) to test the hypothesis that when L is less than L opt , plantation growth is limited by something other than the climate (rainfall and temperature). Observed L is also compared with modelled L eq (Ellis et al. 1999) to test the hypothesis that equilibrium L may be predicted as a simple linear function of climate wetness index for both nitrogen-limited and fertilized stands.
Materials and methods

Site description
This paper presents results from nine experiments in E. globulus plantations in Western Australia, including four sites used from an earlier study ) and five of our own silvicutural experiments. include a detailed description of their sites at Darkan, Mummbalup, Manjimup and Northcliffe. Although our own study sites at Scott River, Wellstead, Boyup Brook, Perup and Narrikup are described in detail by White et al. (2009) , a brief description is provided below. Collectively, these nine sites represent the range of climatic conditions and productivity of E. globulus plantations in south-western Australia (see Figure 1 for a locality map, Table 1 for additional site details).
Three of our sites, at Scott River, Wellstead and Boyup Brook, were planted in July 1996 and were selected to represent the climatic range of the E. globulus plantation estate in south-western Australia (Table 1 ). These will sometimes be referred to as the 'core sites'. Another two sites, at Narrikup and Perup, were planted in 1997 and selected due to their location in major plantation areas of intermediate climate wetness (Table 1) . Nitrogen rate and nitrogen by thinning experiments were established at each of the five sites when they were 2 years old. The treatments are described in detail in the next section.
Prior to planting, rows were ripped to a depth of 0.5 m, weeds were sprayed with glyphosate for 1 m either side of the planting line, and N, P and K were applied in tablet form to each tree. At Perup, seedlings were planted 2 m apart within rows, and 5 m separated planting lines (1000 stems ha −1 ).
At all other sites, planting rows were separated by 4 m (1250 stems ha
−1
). Soil depth varied from 5 to >10 m at each of Scott River, Boyup Brook and Narrikup and was >10 m throughout Wellstead and Perup. All sites had a sandy A-horizon, with a lateritic hardpan within the top 2 m and clay subsoils. Selected surface soil characteristics are summarized in White et al. (2009) .
Experimental design
Between July and October 1998, nitrogen rate and nitrogen by stocking density experiments were established at each of Scott River, Wellstead and Boyup Brook. Treatments in the nitrogen by stocking density trial included three target stocking rates (300 and 600 stems ha )) and two rates of nitrogen application (0 and 250 kg N ). In the nitrogen rate trial, N was applied at four rates (0, 45, 125, 250 Nitrogen was applied as urea in split applications; half of the designated annual rate was applied in early spring (September-October) and the other half in autumn (AprilMay). Low and medium stocking density plots were thinned in September of either 1998 or 1999. The actual stocking densities (mean ± standard error) of all treatments at all sites are given in Table 2 . Other details of stand management are given in White et al. (2009) .
Leaf area index
At each of Scott River, Wellstead, Boyup Brook, Perup and Narrikup, plant area index (PAI) was measured periodically between October 1999 and September 2004 (age 8 years at the core sites) using an LAI-2000 Plant Canopy Analyser (Li-Cor Inc., Lincoln, NE) in two-sensor mode (Li-Cor Inc., 1992) . The remote sensor was set up in a large (>100 m) clearing as close as possible to the plantation and concurrent measurements made with a second sensor at the corner of each plot. A 270°mask was placed on both the remote and in-plantation sensors. Leaf area index (L) was calculated using a calibration of the LAI-2000 developed for E. globulus by Hingston and Galbraith (1998) (Eq. 1). The slope of this equation is identical to that reported by Battaglia et al. (1998) for Eucalyptus nitens Maiden (Deane and Maiden) stands with stocking density in the range 600-1400 stems ha
At the other four sites, Hingston and Galbraith (1998) measured PAI using the LAI-2000 in two-sensor mode and calculated L using Eq. 1. They measured L once a month for a full year at each site. The values reported here are mean L in the ninth year at Darkan and Manjimup, the fifth year at Mummbalup and the seventh year at Northcliffe.
Foliar nutrient concentrations and specific leaf area
Foliar nitrogen and phosphorus concentrations were determined for each plot in the nitrogen rate trial from a sample of 10 leaves taken from each of five trees selected to cover the range of size classes present in each plot. All leaves were collected from the upper third of the crown. Five of the leaves collected were from the youngest fully expanded leaf pair, and the remaining leaves were collected five pairs further down the same branch. Leaves were collected on four occasions between June 1999 and March 2000. The total one-sided leaf area of each sample was measured using a Delta-T leaf area meter (Delta-T Devices Ltd, Cambridge, UK) before the samples were dried to constant weight at 70°C and specific leaf area (m 2 kg −1 DM) calculated. The samples were then ground and nitrogen and phosphorus extracted using a modified Kjeldahl procedure (Rayment and Higginson 1992) . The concentration of nitrogen and phosphorus in the extract was estimated colorimetrically and the concentration in the foliage sample calculated on a mass (mg g ) basis.
Rainfall, temperature, potential evaporation and climate wetness index
Long-term climate data were collated for each site (SILO, Jeffrey et al. 2001 ) and included the measurement period from 1998 to 2006. Data included maximum and minimum temperature and daily rainfall and potential evaporation (FAO-56, Allen et al. 1998) . Mean annual temperature (T) was calculated as the average of maximum and minimum temperatures for all months of the year, and total annual rainfall (P) and potential evaporation (E 0 ) were calculated for the periods between annual soil water measurements. Climate wetness index (CWI) was calculated as the ratio of rainfall (P) to potential evaporation (E 0 ).
Calculation of annual evapotranspiration (E t ) and annual water stress index (W)
Two 50-mm-diameter holes were drilled to bedrock or 10 m in each plot of the nitrogen rate by stocking density experiments at all sites. These holes were drilled in opposite corners of the internal measurement plots towards the end of the inter-row. Polyvinyl chloride tubing with an internal diameter of 40 mm was placed in the holes and the gap (∼3 mm) backfilled with kaolin and cement slurry (Prebble et al. 1981) . Soil water content was measured using a neutron moisture meter (Didcot [Didcot Instrument Co Ltd, Abingdon, UK] and CPN [California Pacific Neutron, Pacheco, CA] probes were used during this study). Although measurements were made as often as monthly, this paper reports annual measurements made in either late winter or early spring (August to September). Soil water content was measured at 0.3-m depth intervals to 1.5 m and then at 0.5-m intervals to bedrock or 8 m below the ground surface. Measured neutron count ratios were converted to volumetric soil water fraction (θ) using the same calibration as for the Didcot probe (the same instrument was used in both studies) and by cross-comparison in a range of soil moisture conditions for the CPN instrument. Values from individual tubes were averaged to give a plot value for θ at each depth. For each plot, the total profile water content (M in mm) was calculated as:
where d i and θ i , respectively, were the depth and volumetric soil water content of the ith soil depth interval. Evapotranspiration (E t ) for the period between annual soil water measurements was calculated for each treatment as the sum of annual rainfall (P) and change in total soil water content (ΔM, where a negative value represents a wetting of the soil profile).
An annual water use index (W) was calculated as the ratio of actual evapotranspiration for the measurement period to potential evaporation for the same period.
Optimum and equilibrium leaf area index Battaglia et al. (1998) proposed that, for a given mean annual temperature (T) and annual water use index (W), there is a value of leaf area index (L opt ) that will maximize stand net primary productivity,
where k is the canopy light extinction coefficient, s is specific leaf area, ε is the light use efficiency, Q is annual incident photosynthetically active radiation, r 0 is maintenance respiration per unit canopy nitrogen, N F is average leaf nitrogen concentration and γ is the rate of carbon loss as litterfall. Battaglia and Sands (1997) found that variation in ε could be explained by discounting the maximum value with functions related to the annual water use index (W) and mean annual temperature (T):
where f T = max 0; 1− T −13:2 9:9 2 " # ( )
and f W = max½0; ð1 + 0:9 ln W Þ ð5cÞ Specht (1972) and Specht and Specht (1989) observed that natural ecosystems across southern Australia have a canopy cover that is broadly related to measures of climate wetness. Ellis et al. (1999) observed that more than 90% of the variation in equilibrium L (L eq ) could be explained by a simple Hingston et al. (1994) linear relationship with climate wetness index (CWI). CWI is the ratio of annual rainfall to annual potential evaporation and will be approximately equivalent to the annual water use index (W) when plantation water use is limited to annual rainfall:
Using the climate data collated for this study and parameters for Eqs. 4 and 5 from the literature (Table 3) , L opt and L eq were calculated for a range of W or CWI from 0.4 to 1.2 using Eqs. 4 and 6.
Data analysis
At each measurement time, the effect of nitrogen application and spacing on L and s was tested using one-(nitrogen rate trial) and two-way (nitrogen by spacing trial) analysis of variance (ANOVA). To test the capacity of the L opt (Eqs. 4 and 5) and L eq (Eq. 6) models to predict L, model efficiency (EF) was calculated after Soares et al. (1995) for different subsets of data. This statistic provides a simple index of model performance, where 1 indicates a perfect fit, 0 indicates the model is no better than a simple average and a negative value indicates a very poor fit.
Results
Effects of nitrogen fertilizer on leaf area index, specific leaf area and foliar nitrogen concentration
Application of nitrogen significantly increased leaf area index (L) at Scott River, Wellstead and Boyup Brook but not at Narrikup or Perup. At responsive sites, no additional increase in L was observed for rates of application greater than 125 kg N ha −1 year −1 . L was greater in the 125 kg N ha −1 year −1 than the 250 kg N ha −1 year −1 treatments at all sites except Narrikup (Table 4) . At Scott River, the increase in L due to application of nitrogen remained significant throughout the study from the first measurement in February 1999 (5 months after the first application) to the last measurement at age 8 years in August 2004 (Figure 2A ). At Boyup Brook, the increase in L due to application of nitrogen was not significant until March 2001 ( Figure 2B ). At Wellstead, the increase in L in response to nitrogen was only significant after four years of treatment in September 2002 ( Figure 2C ). At all these sites, L peaked in 2001 (age 5 years), and at this time the increase in L due to application of 125 kg N ha −1 year −1 was 103% at Scott River, 12% at Wellstead and 48% at Boyup Brook (Table 4) . Three years later, in September 2004, the percentage increase in L due to repeated application of 125 kg N ha −1 year −1 was 95% at Scott River, 25% at Wellstead and 180% at Boyup Brook (Table 4) . Application of nitrogen tended to increase specific leaf area (s) and foliar nitrogen concentration (N F , kg N kg −1 DM) at all sites, but this effect was only significant (P < 0.05) at Scott River where, depending on the date of sampling, N F and s were up to 30% greater in the fertilized compared with the unfertilized treatment (data not shown). For the fertilized treatment, average N F over the year varied from 0.012 to 0.018 kg N kg −1 DM, while s varied from 4.4 to 5.1 m 2 kg −1 DM at Scott River and Narrikup, respectively (Table 5) . Variation in N F and s among sites was not consistently related to average climate wetness or growth rate.
For all treatments at all sites, N F and s were positively correlated; thus, when calculating L opt (Eq. 4) for a given W, very similar results were obtained whether using typical averages for whole crowns (Table 3) or observed values for fertilized plots at individual sites (Table 5) .
Recovery of leaf area index after thinning L was not measured either immediately before or after thinning. Immediately after thinning, the basal area of low and medium stocking stands was, respectively, approximately 28% and 55% of the unthinned plots (data not shown). Given that the trees had not formed any heartwood, the basal area would be directly related to sapwood area, which in turn is correlated with leaf area (e.g., White et al. 1998 ), so it is probable that the L of low-and medium-density stands was, respectively, about 25% or 50% of L in the unthinned plots.
In October 1999, approximately 1 year after thinning, L was significantly lower in the low-density compared with the unthinned plots at all sites. At this time, L of both the medium-and low-stocking-density plots at Scott River, Wellstead and Boyup Brook had partly recovered, and the absolute difference between L of low stocking and unthinned plots was approximately one unit. After September 2003, L was not significantly different between thinning treatments at either Scott River or Wellstead (Figure 3) . At Scott River, there was a statistically significant interaction between stocking density and nitrogen addition for the first 3 years after thinning so that the effect of thinning on L was proportionally greater for unfertilized compared with fertilized plots.
Comparison of observed, optimum and equilibrium leaf area index and response to nitrogen and thinning Figure 4 compares L opt and L eq with L of fertilized plots at the start of the eighth year and L measured by at age 5, 7 or 9 years. For these data, annual water use index (W) was not significantly different from the CWI for the same year (t-test, P > 0.5). All sites were therefore at equilibrium or had become rainfall dependent. L opt was a good predictor of observed L in fertilized medium stocking and unthinned plots and at the four sites measured by . When all these data were included, EF was 0.51 for L opt and −3.25 for L eq . At Scott River and Boyup Brook, L opt was a good predictor of L for fertilized plots from ages 5 to 8 (EF = 0.6) ( Figure 5 ). In contrast, L of unfertilized plots was as much as three units lower than the predicted optimum L (Figure 5 ). At the same sites, L eq was a reasonable predictor of L for unfertilized plots (EF = 0.42) but a poor predictor of L in fertilized plots (EF = −3.36) ( Figure 5 ).
Immediately after thinning, L of low-and medium-stocking plots was lower than L opt at the core sites. L of mediumstocking-density plots increased steadily relative to L opt ; at age 8 years (6 years after thinning), the difference was <0.5 L units at Scott River, Wellstead and Boyup Brook (Figure 6) . L of low-stocking-density plots also converged on L opt but was still much lower when the experiment concluded at age 8 years ( Figure 6 ).
Discussion
In this study, leaf area index (L) was manipulated in E. globulus plantations by thinning and application of nitrogen fertilizer to (i) quantify the response of L to application of nitrogen and thinning and (ii) test the utility of the optimum (L opt ) and equilibrium models (L eq ) for integrating the effects of nutrient and water status to identify plantations where growth is sub-optimal.
At Scott River and Boyup Brook, where White et al. (2009) observed a significant growth response to nitrogen, L of fertilized plots was about two units greater than for unfertilized plots. This difference persisted until measurements ended in 2004 when the trees were 8 years old. The L of plots thinned to 300 and 600 stems ha −1 at age 2 years was not significantly different from L in unthinned plots at age 8 years. L opt was a good predictor of the leaf area index of 8-year-old E. globulus when nitrogen and phosphorus were non-limiting and shows promise for identifying stands where productivity is sub-optimal. For the same plots, L eq underestimated observed L by an average of two units. In the unthinned, fertilized plots, L peaked in the period immediately following canopy closure (age 4 to 5 years) and was between 4 and 5 at all sites (Table 4, Figure 2 ). This is consistent with values of peak L previously observed for E. globulus in south-western Australia , Portugal (Tomé and Pereira 1991) and south-eastern Australia (Bennett et al. 1997 ) and for Eucalyptus delegatensis R.T. Baker and E. nitens in Tasmania (Beadle and Turnbull 1986) .
At Scott River and Boyup Brook, where total soil nitrogen was less than 1.2 mg g −1 (White et al. 2009 ), L increased significantly in response to the application of nitrogen. This was associated with a significant increase in wood volume growth at both sites (White et al. 2009 ). Similar responses have been observed in E. globulus (Cromer and Jarvis 1990, Bennett et al. 1997) and in E. nitens (Smethurst et al. 2003) . At age 8 years, 6 years after the first application, the proportional increase of L due to nitrogen was still approximately 100%. The response was larger and more persistent than previously observed in Pinus radiata D. Don (Cromer et al. 1985) or E. nitens (Smethurst et al. 2003) , demonstrating that with repeated application of nitrogen, increases in L may be maintained throughout a 10-year rotation.
Although the concentration of nitrogen in foliage (N F ) was significantly increased by the application of nitrogen at Scott River, the value of N F in the fertilized plots was lower than observed at the other sites. Maximum values of N F were between 0.012 and 0.018 kg N kg −1 DM and in the range previously reported for E. globulus (Cromer and Jarvis 1990) and other species in plantations (Kirschbaum et al. 1992) (Mooney et al. 1978, Specht and Rundel 1990) . At Scott River, the increase in N F in response to nitrogen was accompanied by an increase in specific leaf area so that application of nitrogen had no net effect on the amount of nitrogen per square metre of leaf area. L integrates the effect of nutrition and available water and is therefore a more reliable indicator of the potential for growth responses to application of fertilizer than N F .
One year after thinning, L of low-stocking-density plots was significantly lower in medium-and low-density than unthinned plots, but by the end of the study, L was no longer significantly affected by stocking density. Thinning increases available water through increased throughfall (Butcher and Havel 1976 , Butcher 1977 , Aussenac and Granier 1988 and alleviates water and nutrient constraints by increasing the volume of soil available to retained trees (e.g., Breda et al. 1995) . At the same time, thinning can increase exposure to drying winds (Teklehaimanot et al. 1991) . At all of our field sites, thinning decreased the water stress experienced by E. globulus during summer for up to 5 years after thinning (White et al. 2009 ). The rapid recovery of L in medium-stocking-density plots is consistent with the observation of Santantonio (1989) and Cromer and Jarvis (1990) that alleviation of resource limitation increases biomass partitioning to leaves.
L opt was proposed by Battaglia et al. (1998) for quantifying the L that would optimize plantation productivity under a given temperature and rainfall regime and for identifying underperforming plantations. At all of the nine sites, L opt was a good predictor of L when the supply of macronutrients was non-limiting. At Scott River and Boyup Brook, where White et al. (2009) reported a significant growth response to application of nitrogen, L was lower than L opt by as much as three units under low N conditions. Considered together, these results suggest that L opt describes the L associated with optimal plantation growth in south-western Australia and that deviation of observed L from L opt indicates that growth is limited by factors other than climate, in this case nitrogen supply. Battaglia et al. (1998) also found that modelled variation in L from L opt was a good indicator of sub-optimal performance in E. nitens and E. globulus in Tasmania.
At Scott River, L of fertilized plots deviated from L opt more than at the other sites and in the fifth year of growth was more than a full unit lower than L opt ( Figure 5 ). The native forest at Scott River was cleared less than 3 years prior to planting in 1996. Total soil nitrogen was 1.2 mg g −1
, and the ratio of soil organic carbon to nitrogen was more than 29 (White et al. 2009 ), indicating low availability of nitrogen (Smethurst et al. 2003) . Up to 2 years after the first application of urea, the nitrogen concentration in foliage (N F ) in fertilized, unthinned plots was still lower than for any of the other sites (Table 5) . This indicates that available nitrogen was still limiting growth. Together with some mortality due to drought during 2004 (White et al. 2009 ), this may explain the larger difference between actual and optimum L at Scott River compared with either Wellstead or Boyup Brook. At both Scott River and Boyup Brook, observed L of the unfertilized plots was as much as two units lower than L opt (Figure 5) , suggesting that the model proposed by Battaglia may be used to identify sites where available nitrogen is limiting L and therefore plantation productivity.
At Scott River, Wellstead and Boyup Brook, the difference between L of medium stocking density plots and L opt decreased steadily for the 4 years after thinning until by the end of the experiment L was approaching the theoretical op- Figure 4 . Leaf area index (L) as a function of the climate wetness index. L was measured at the beginning of the growth year and CWI is the ratio of annual rainfall (P) to potential evaporation (E 0 ). Data are shown for the eighth growth year (last year of measurement) in unthinned and 600 stem ha −1 plots to which 250 kg ha −1 was applied annually (labels indicate site and stocking density). Data from are also shown, and all data are compared with modelled optimum L (L opt , Battaglia et al. 1998 ) and equilibrium L (L eq , Ellis et al. 1999 ). Model efficiency is given for the full dataset and excluding Narrikup from the analysis (in parentheses). timum ( Figure 6 ). This indicates that the model proposed by Battaglia et al. (1998) is suitable for assessing the performance and condition of stands with stocking density as low as 600 stems ha −1 , making it suitable for all commercial E.
globulus plantations in southern Australia, provided the factors limiting L can be identified. Assuming a constant litterfall carbon loss rate (γ) of 0.15 , modelled L opt approximated maximum observed L for sites with annual water use index between 1 and 0.4. Battaglia et al. (1998) proposed a slight modification to the model in which γ was a function of the annual water stress index W and annual average temperature T. 
The evidence from this study is that for values of W between 1 and 0.4, a range that covers nearly all the E. globulus plantations of southern Australia, the litterfall carbon loss rate remains a constant 0.15 as observed by . This is consistent with other studies showing that E. globulus maintains a high L and a high ratio of leaf area to sapwood area during moderate to quite severe cyclical water stress (Pereira and Koslowski 1976 , Metcalfe et al. 1990 , White et al. 1998 . The L eq model underestimated L of fertilized E. globulus plantations by as much as three units. At Scott River and Boyup Brook, where growth was limited by nitrogen (White et al. 2009 ), observed L of unfertilized plots was closely approximated by L eq (Figure 5 ). These results indicate that when nutrients are non-limiting, L eq will underestimate the leaf area index of E. globulus plantations. Some authors have used Eq. 6 with observed leaf area index to calculate the annual water use and net water balance of planted forests (Ellis et al. 2005) . Our results suggest that even on water-limited sites, observed L integrates the effects of available water and nutrition. The L eq model was based primarily on data from native forests. Native forests in Australia generally have lower leaf area indices than forests from comparable rainfall zones in other parts of the world, and it seems probable that equilibrium values actually reflect limitations due to both available water and nutrients (Whitehead and Beadle 2004) . Indeed it has been shown that application of fertilizer can increase the L of native forest in similar soil types and climate to the plan- Figure 5 . Leaf area index (L) as a function of the annual water stress index (W). L was measured at the beginning of the growth year, and W is the ratio of annual evapotranspiration (E t ) to potential evaporation (E 0 ) for that year. Data points for high and low nitrogen treatments in the fifth, sixth, seven and eighth growth years at Scott River and Boyup Brook are compared with modelled optimum L (L opt , Battaglia et al. 1998) and equilibrium L (L eq , Ellis et al. 1999) . Data labels indicate site, N treatment, age in years. Model efficiency of both models is given for fertilized and unfertilized plots.
tations reported here (Stoneham et al. 1997 ). In addition, in south-western Australia, Grigg et al. (2000) observed that the biomass of Banksia woodland was greatest adjacent to agricultural land and elevated for a distance of 50 m. This increase in biomass was associated with large increases in the amounts of a range of nutrients present in the biomass. Figure 6 . The difference between modelled L opt and measured leaf area index at age 5, 6, 7 and 8 years for the 300, 600 and 1200 stem ha The optimum L (L opt ) of E. globulus plantations in south-west Australia (this study) and of E. nitens in Tasmania (Battaglia et al. 1998 ) may be estimated from average annual temperature and water use index using Eq. 4. Data from two nitrogen-limited sites at Scott River and Boyup Brook indicate that when L deviates markedly from this value, this is indicative of a constraint to growth in addition to either temperature or rainfall regime. Results from this study also indicate that the L opt model can be applied to stands with stocking density as low as 600 stems ha −1
. Furthermore, L opt (Battaglia et al. 1998 ) may be more appropriate than L eq (Ellis et al. 1999) for estimating the water use and effective no-recharge plantations of trees planted in agricultural landscapes where nutrient supply is non-limiting to growth and there is no groundwater to supplement rainfall.
